Abstract-Demanding microwave applications in a magnetic field require the material optimization not only in zero-field but, more important, in the in-field flux motion dominated regime. However, the effect of artificial pinning centers (APC) remains unclear at high frequency. Moreover, in coated conductors the evaluation of the high frequency material properties is difficult due to the complicated electromagnetic problem of a thin superconducting film on a buffered metal substrate. In this paper we present an experimental study at 48 GHz of 150-200 nm YBa2Cu3O7−x coated conductors, with and without APCs, on buffered Ni-5at%W tapes. By properly addressing the electromagnetic problem of the extraction of the superconductor parameters from the measured overall surface impedance Z, we are able to extract and to comment on the London penetration depth, the flux flow resistivity and the pinning constant, highlighting the effect of artificial pinning centers in these samples.
I. INTRODUCTION
H IGH frequency applications of high-T c superconductors, and consequently the corresponding oriented studies, have been scarce outside of the superconducting electronic field. This reality is recently changing thanks to the maturity that technological materials are achieving, together with the even more demanding requirements for devices like accelerating cavities [1] . A similar effect in terms of revamped interest is coming from emerging fields like the hunt for galactic axions [2] , as well as future implementation of particles colliders [3] . The dominant approach for making one of the most promising high-T c superconductors, YBa 2 Cu 3 O 7−δ (YBCO), available on large (namely long, in view of cable applications) areas is the so-called coated conductor technology [4] . The latter consists in the growing of thin superconductor films on flexible metallic tapes, which provide the mechanical support. Buffers comprising several heterogeneous thin layers are necessary for chemical and physical matching of the materials. Moreover, large efforts have been spent to improve the current carrying capabilities of such superconductors with a technological production compatible approach. Artificial pinning centers (APCs), needed to improve the in-field flux pinning capabilities, are added during the film growth [5] .
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In overall, the resulting coated conductor emerges as a complex layered structure. Hence the measurement and interpretation of its high frequency electrodynamic response, represented by its surface impedance Z, requires a careful analysis to isolate the contributions coming from the different layers. Indeed, the thin superconducting film is not completely opaque to the impinging high frequency electromagnetic (e.m.) field which, therefore, reaches the underlying substrate. The metallic supporting layer, being a conductor, has a high enough conductivity to be appreciable with respect to the superconductor. The resulting measured surface impedance, which is defined as Z = H t /E t [6] , where H t and E t are the tangential components of the e.m. fields on the film surface, arises as the sum of the e.m. wave coming from multiple reflections at the interfaces between layers.
In previous works, we have addressed the problem of the extraction of the superconductor intrinsic impedance and complex resistivityρ s from the measured Z on the coated conductor structure in measurements performed both at fixed temperature T and varying static magnetic field B [7] and at zero field and varying temperature [8] , demonstrating the feasibility of the developed method. In the present manuscript, we intend to exploit the proposed analysis for the study and comparison of the pinning performances of YBCO based coated conductors, with and without APCs. We will focus on the main vortex parameters and on their T -dependence.
The paper is organised as follows: in Section II we first describe the samples and the experimental setup, then we will briefly recall the high frequency electrodynamic model which includes the vortex motion parameters of interest. In Section III, the measurements will be presented and analysed. Finally the conclusions will be drawn in Section IV.
II. EXPERIMENTAL SETUP AND METHOD
Two YBCO thin films, of nominal thickness t s = 175 nm, with and without the addition of 5% BaZrO 3 (BZO), have been produced by Pulse Laser Deposition on Ni-5at.%W tapes provided by EVICO. A stack of buffer layers comprising CeO 2 /YSZ/CeO 2 /Pd with thicknesses (15/110/45/200) nm, respectively, has been deposited to provide chemical and mechanical stability and to improve the epitaxial growth of the superconducting film [9] . The two films are similar with respect to the structural properties as resulting from X-ray diffraction analysis reported in [10] . More details about film deposition process can be found in [9] and [11] . The multilayer structure of the samples is sketched in the inset of Fig. 1 . The surface impedance Z measurements have been performed by means of a dielectric resonator used in the endwall replacement configuration. By exciting the TE 011 mode (resonant frequency f res ∼ 47.9 GHz) through a two-port connection (transmission operation), the frequency dependent resonant curve is measured and fitted, yielding the unloaded quality factor Q and f res [12] from which, through standard e.m. theory [13] , Z is computed as:
where ∆A = A(x) − A(x ref ) represents the variation of the quantity A with respect to the external parameter x, which stands for either the temperature T or the static magnetic field H, and G s is a calculated geometrical factor. The measurement system comprises a liquid/solid nitrogen cryostat, which allows to vary the temperature in the range 60 K-T c , and a conventional electromagnet which provides magnetic fields up to ∼ 0.8 T applied perpendicularly to the sample surface, hence parallel to the YBCO film c-axis. We remark that the present system is adequate for measurements of the field-variation of Z, while high-sensitivity measurements near R = 0, e.g. of the residual surface resistance, are out of its capabilities.
To interpret the surface impedance measurements, the above described layered structure of the sample must be taken into account. Resorting to the transmission line formalism [6] , the overall effective Z ef f is computed with the recursive formula:
where
char and t (i) are, respectively, the characteristic surface impedance, the wave propagation constant and the thickness for the i th layer;
is the overall effective surface impedance of the underlying layer stack, having the layer (i − 1) th on top; f is the frequency and µ 0 is the vacuum magnetic permeability. The characteristic impedance Z char is equal to the surface impedance expression Z bulk for bulk materials, √ i2πf µ 0ρs and µ 0 /(ε 0 ε r ) for a (super)conductor with complex resistivityρ s , in the local limit, and for an insulator with relative permittivity ε r , respectively. It is useful to recall here that when a superconducting thin film is grown on a thick, insulating substrate, as opposed to the buffered metal here considered, the effective surface impedance simplifies to the so called thin-film expression Z f ilm =ρ s /t s [14] at the condition, usually verified, that t s ≪ min(λ, δ n ), with λ and δ n the London and the normal fluid penetration depth, respectively. Considering the coated conductor structure and the condition t s ≪ min(λ, δ n ), Eq. (2) can be cast in a more readable form:
which highlights that, apart from the often negligible term i2πf µ 0 t s , the coated conductor effective surface impedance Z comes out as the parallel between the superconductor film Z f ilm and the substrate Z (sub) ef f impedances.
The superconductorρ s can be written as [15] :
which includes both the two-fluid conductivity σ f = σ 1 − iσ 2 and the vortex motion resistivity ρ vm . Textbook models [16] allow to write σ f = x n (t)/ρ n − i/(ωµ 0 λ 2 (T )) with λ(T ) = λ 0 / x s (T ), being λ 0 the zero temperature λ, ρ n the normal state resistivity and x n (T )+ x s (T ) = 1 the normalized normal and super-fluid fractions. Typical temperature dependence for high-T c superconductors can be taken as x s (T ) = 1−(T /T c ) 2 . In order to discuss the vortex motion response, we must choose a proper model. In the microwave frequency range, the first important distinction is between two alternative dynamic regimes. In the low frequency region, the disorder dominated vortex dynamics is characterized by various energy/time scales which manifest itself with various vortex creep rates, leading to a response typical of the vortex glass, in which the vortex motion resistivity has a power law dependence on the frequency [17] , [18] . In the higher frequency range, on the other hand, motion of vortices in the bottom of the pinning wells is so fast and short-ranged that multi-scale creep is no longer dominant and the dynamics is well described through the combined effect of viscous drag and a single characteristic pinning frequency [18] , [19] . The crossover frequency separating the two regimes is, in the "high" temperature range here considered, smaller than 10 GHz [18] , well below our measuring frequency, 48 GHz. Hence, neglecting thermal creep effects, relevant only near T c , without loss of generality [20] we can resort to the basic, single-characteristic frequency proposed by Gittleman and Rosenblum [21] :
where Φ 0 is the flux quantum, η is the vortex viscosity (connected to the quasiparticle properties around and near the vortex cores and related to the flux flow resistivity by ρ f f = Φ 0 B/η), and f p = k p /2πη is the depinning frequency, marking the separation between the pinning-dominated, low frequency Campbell regime and the dissipation-dominated, high frequency flux flow regime. The pinning constant k p , also known as Labusch parameter, is a measure of the pinning force strength acting on vortices when they are "infinitesimally" displaced from their equilibrium positions. We stress that this approximation is valid at microwave frequencies, where the vortex oscillation amplitudes are well below 1 nm. We note that, within this model, the adimensional ratio r = ρ vm2 /ρ vm1 = f p /f represents the normalized depinning frequency. This important parameter, when measuring thin films over insulating substrates, is obtained directly as r = ∆X(H)/∆R(H). On the other hand, when measuring coated conductors, the normalized depinning frequency cannot be derived so straightforwardly [7] , but requires a careful analysis of the data with the above recalled model.
III. RESULTS AND DISCUSSION
We first show the zero field resistive transition at 48 GHz measured on both samples, Fig. 1 . We take R(T min ) ∼ 0 as reference value, which does not introduce significant errors, as discussed in Sec. II. Thus in the temperature range here considered one has ∆R(T ) ≃ R(T ) apart from very near to T min = 60 K. As it can be seen, the addition of BZO reduces the critical temperature to 86 K, with respect to the 90 K exhibited by the pure YBCO sample, an effect already reported in literature [22] , [23] . The normal state values are R n = R(T > T c ) = 0.174 Ω and R n = 0.148 Ω, for YBCO and YBCO/BZO, respectively. This difference in the normal state values cannot be directly attributed to the superconducting films since, as extensively discussed in our previous works [7] , [8] , the surface resistance of the coated conductor above T c is dominated by the effective substrate R (sub) ef f , i.e. R n ≃ R (sub) ef f . We now focus on the surface impedance measurements performed at fixed temperature by varying the field. Field sweeps at selected temperatures are reported in Figs. 2 and 3 . It can be seen that ∆Z(H) is always increasing with the field, with a predominant downward curvature. This sublinear (in B) behavior is different from the expectation for of the simple ρ vm /t s ∝ B dependence which would apply in the thin film approximation with field-independent vortex parameters and the vortex resistivity proportional to the number of fluxons.
The temperature evolution of ∆Z(H) shows the usual behavior, common to both samples: an increase of the amplitude, followed by a decrease approaching T c , see Fig. 2 for the YBCO/BZO sample. Another important remark is that ∆R > ∆X for both samples at all T . In a conventional analysis, this finding would be an indication of weak pinning. It should be stressed that, once the effect of the different T c is ruled out [10] , the pure and nanostructured sample behave analogously: in Fig. 3 we plot ∆Z(H) for both samples taken at the same reduced temperature t = T /T c ≃ 0.86 (T =77.5 K and 74 K in YBCO and YBCO/BZO, respectively). It is seen that the data are well within 10% between different samples.
In order to extract and comment on the main vortex parameters, we now proceed to analyse these raw measurements. As previously discussed in [7] , the determination ofρ s and hence of ρ vm (Eqs. (4) and (5)) fully characterized with the (e.m.) model (Eq. (2)) by using the known nominal thicknesses of the layers, and by taking literature values for their relative permittivities and electrical conductivities. In particular, we take ρ P d = 5 · 10 −8 Ω·m [24] , [25] , ρ N iW = 25·10 −8 Ω·m [26] , [27] , and ǫ r = 23 and ǫ r = 27 for CeO 2 and YSZ, respectively [28] , [29] . Then, by exploiting the model represented by Eq. (2), we can reproduce the value of R(T > T c ) = R n ≃ R (sub) ef f with very small changes to the literature values for the Pd parameters.
In fact, the computed value for R (sub) ef f is mostly sensitive to the Pd layer properties, ρ P d and t P d , through their ratio. We chose to adjust only ρ P d to 6.41 · 10 −8 Ω·m and 4.63 · 10 −8 Ω·m, for YBCO and YBCO/BZO respectively. Identical results would have been obtained by changing the Pd layer nominal thickness by 10-20%: both results are physically 4 plausible, being within the deposition tolerances, and their exact nature is irrelevant for the rest of the computations. We note that the model recover the correct values for R n on two samples by resorting to the adjustment of one parameter only, a point in favour to the validity of the model itself. Once Z (sub) ef f is computed, the measured ∆Z(H) can be fitted through Eq. (3) by insertingρ s in the superconductor surface impedance: the main fit parameters are η, k p and λ, whereas the fit is not sensitive to ρ n within ample ranges. Hence, the latter is taken equal to the typical value ρ n = 1 · 10 −6 Ω·m. Fit results for YBCO/BZO (similar results, here not shown, are obtained for YBCO) are reported as thick black lines in Fig. 2 . It can be seen that field independent parameters (including λ, which is equivalent to having neglected field pair-breaking effects, acceptable not too close to T c ) yield good fits, and in particular the model is able to reproduce the downward curvature of the data. Approaching T c , the downward curvature of the measured ∆Z becomes even more pronounced, and not fully reproducible with the model. The fit could be reconciled with the data by inserting a fielddependent pinning constant, which is a very reasonable feature very close to T c . However, we found that it was not possible to ascertain the exact field dependence, and then we believe that the fit becomes unreliable. The temperature dependent London penetration depth λ(T ) is consistent with λ 2 = λ 2 0 /(1 − t 2 ), a typical dependence for high-T c superconductors, with λ 0 equal to 130 nm and 120 nm, for YBCO and YBCO/BZO, respectively. We have checked whether magnetic field pairbreaking effects could improve the fit and determined that, in the T and B range under investigation, they are inessential.
Finally, the fit vortex parameters η(t) and k p (t) are reported in Fig. 4 . Quantitatively, they are consistent with published values reported in literature obtained in bulk and epitaxial films on insulating substrates [30] , [31] , [32] , [33] , [34] (for example, at 77 K k p ∼ 5-30 kN·m −2 and η ∼ 0.5-1.5·10 −7 N·s·m −2 . To the best of our knowledge, this is the first determination of the vortex parameters with their temperature dependence on coated conductors, a part the single T = 77 K data point reported in our previous work [7] . The slight reduction of η with respect to the data on films on crystalline substrate could be an indication, entirely reasonable, for an enhanced scattering of the quasiparticles, perhaps connected to the textured nature of the YBCO films. Since η can be related to the normal state resistivity through the Bardeen-Stephen model [35] , it would be interesting to separately determine ρ n to further investigate this point. Unfortunately, the very nature of the coated conductor prevents a direct measure of ρ n at microwaves, so that a separate measurement should be performed. On the other hand, k p is slightly above the average values in literature for both samples, so that perhaps the texturing pattern, with its grain boundaries, could play a role here. As far as the comparison between the two samples is concerned, they present similar values on both η and k p , suggesting that the BZO addition, despite the T c reduction, does not improve appreciably the pinning properties at high frequency of these particular samples, in stark contrast with what observed in other samples [36] . This can be compared with the observed slight increase of the critical current J c [10] in the BZO-added sample. These results can be interpreted considering that J c measures the pinning strength for large displacements of the vortices, up to the detaching distance from the pinning centers. Hence, J c is a measure of the pinning barriers height. On the other hand, k p measures their steepness near the bottom. Together, the two characterizations provide complementary information about the pinning effects.
Finally, the pinning frequency is ∼ 80 GHz at t=0.86 for both samples: a quite high figure, which nevertheless arises both due to moderate k p and to slightly below typical values of η. A similar phenomenon, although much enhanced, is observed in thin Tl 2 Ba 2 CaCu 2 O 8+x films [37] . 
IV. SUMMARY
We have presented extended measurements of the microwave surface impedance of YBa 2 Cu 3 O 7−δ and YBa 2 Cu 3 O 7−δ /BaZrO 3 coated conductors. We have highlighted how the complex, multilayer structure of a coated conductor conspire to obfuscate the role of the superconducting material properties in the measurements of the effective surface impedance of the overall structure. By exploiting a previously developed approach, we extracted the main vortex parameters, namely the vortex viscosity, the pinning constant and their ratio, the depinning frequency. This result is, to the best of our knowledge, the first determination of these quantities in coated conductors that take into account the coated conductor structure. The obtained parameters exhibit a conventional temperature dependence and are quantitatively consistent with values known from literature. From a technological point of view, the similar values of η and, more importantly k p , between the two samples allow to state that, in the present case, the addition of BaZrO 3 has no appreciable effects on the high frequency pinning efficiency. 
